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7 ray spectroscopy of via single neutron knock-out reaction 
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The one neutron knock-out reaction ^H(^®C,^®C 7 ) was studied at RIKEN using the DALI2 array. 

A 7 ray transition was observed at 198(10) keV. Based on the comparison between the experimental 
production cross section and theoretical predictions, the transition was assigned to the decay of the 
3/2f state to the ground state. 

PACS numbers: 23.20.Js, 25.60.-t, 27.30.-|-t, 29.30.Kv 


I. INTRODUCTION 

Construction of radioactive ion beam facilities opened 
new ways in nuclear structure studies. Neutron-rich nu¬ 
clei far from the valley of stability became experimen¬ 
tally reachable in the past two decades. The neutron- 
rich carbon isotopes showing interesting phenomena like 
one and two neutron halo i i , neutron decou¬ 
pling 13, i, weakening of the neutron-neutron effective 
interaction development of the iV = 16 subshell clo¬ 
sure and disappearance of the iV = 14 one [3] were in the 
focus for a long time. 

Since its identification by Bowman et al. Q, probably 
was the most investigated nucleus in the lower mass 
region of isotopes. It attracted attention as a candidate of 
a one-neutron halo nucleus due to its low binding energy 
and spin 1 / 2 + ground state suggested by shell model cal¬ 
culations. The large interaction Q and Coulomb disso¬ 
ciation [I| cross sections supported this assumption. The 
momentum distribution probed in different ways by sev¬ 
eral groups [lOl - fTsIl were consistent with the halo nature 
and the ground state spin 1/2+ assignment, but 3/2+ and 
5/2+ spins were not completely excluded as discussed in 
Refs. Even though, there is a consensus that the 

dominant character of the ground state is lsi/ 2 ® 0 + 
on the basis of the observed spectroscopic factors and the 
absolute break up cross sections. The halo nature and 
the spin 1 / 2 + ground state assignment was confirmed in 
a recent experiment, too M- 

Concerning the excited states of ^®C, two 7 rays in 
the ^®C(p,p’) reaction were observed at 72(4) keV and 
197(6) keV energies [la, which were assigned to the 
5/2+ 3/2+ ^ 1/2+ decay sequence. The existence of 

the higher energy transition was confirmed in a multi nu¬ 
cleon removal reaction [3], where a 201(15) keV transition 
was observed. An unbound excited state was revealed at 
1.46(10) MeV in the (p,p’) process via detection of the 


emitted neutrons Recently, another unbound state 
was observed at 653(95) keV in a multi proton removal 
reaction via detection of the emitted neutrons from the 
unbound ®®C states [la- The state at 1.46 MeV excita¬ 
tion energy was assigned to a 5/2+ state on the basis of 
an angular distribution measurement [l8l| . It may have 
an Si /2 0 2 + core excited configuration according to shell 
model calculations [l^. On the other hand, the presence 
of three low energy excited states contradicts to the shell 
model expectations. To resolve this contradiction, we 
studied the single neutron knock out reaction from 
since, according to shell model -k Glauber model calcu¬ 
lations for this reaction, only the Si /2 and ^ 5/2 single 
particle states were expected to be excited with a large 
cross section [lO, Hlj . 

II. EXPERIMENTAL DETAILS 

The experiment was performed at the Nishina Cen¬ 
ter for Accelerator-Based Science located in RIKEN, 
Japan Q. As a Hrst step, a stable ^®Ar beam of 700 pnA 
was produced by using the RILAC linear accelerator cou¬ 
pled to the RRC cyclotron. This ion beam, the energy of 
which was 63 MeV/nucleon, hit a target made of ®®®Ta 
with a thickness of 0.2 mm. The '^®Ar particles were 
fragmented in the target. The reaction products were 
purified by the RIPS radioactive ion separator This 
purification was performed on the basis of the different 
magnetic rigidity (Bp) of the isotopes by applying two 
dipole magnets between which a wedged-shape aluminum 
degrader of 221 mg/cm^ thickness was placed for induc¬ 
ing dispersion at the first focal plane (El). The momen¬ 
tum acceptance of the fragment separator was set to the 
maximum 6 %. The total intensity of the radioactive ion 
beam was about 100 particle/s (pps). The following main 
species were included in the beam ^’^B (11.32%), 
(18.02%), 20c (9.77%), 21n (45.76%) and 22 n (12.63%). 
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These were identifie d by their energy loss (AE), time-of- 
fiight (ToF) and Bp [^. AE was determined by a silicon 
detector with an area of 5 cmx5 cm and a thickness of 
0.1 mm located at the second focal plane (F 2 ) while the 
ToF was measured between two plastic scintillators put 
6 m away from each other at the F2 and F3 focal planes. 
The beam trajectory was also monitored on an event-by- 
event basis by parallel plate avalanche counters (PPAC) 
at F2 and F3. A complete separation of the beam con¬ 
stituents could be achieved. 

The radioactive ion beam was transported to a sec¬ 
ondary target of liquid hydrogen of 190 mg/cm^ cooled 
down to 22 K The mean energy of the particles 
in the middle of the target was around 50 MeV/nucleon. 
The isotopes created by neutron knock-out reactions were 
identified by their ToF, AE and total energy (E). A plas¬ 
tic scintillator of 1 mm thickness was put 80 cm down¬ 
stream of the target which served two purposes: it mea¬ 
sured AE and gave the start signal for ToF. The stop 
signal for ToF was provided by an array of 16 plastic 
scintillators of 6 cm thickness. The length of each bar 
was 1 m, thus a total area of about 1 mxl m was cov¬ 
ered, which ensured a full coverage (6.5° in laboratory 
system) of the outgoing reaction products. Since the iso¬ 
topes fully stopped in the scintillators, they were also 
used to determine E. 

The Z identification was complete and based on 
the combination of AE and ToF presented in Fig. [T] 
The mass separation was performed by using the two- 
dimensional plot of ToF and E. The resolving power was 
enough for a complete distinction between mass values 
differing by two units, however we had some leakage be¬ 
tween adjacent isotopes. This can be seen in Fig.[5J Nev¬ 
ertheless, this did not imply a problem since the odd 
carbon isotopes have low energy 7 rays (below 600 keV) 
while even ones emit relatively high energy 7 ’s (above 
1 MeV). 

The deexcitation 7 rays were observed by an array 
of scintillators called DALE [ 2 ^ arranged in a ball-like 
structure around the target. The DALI2 detector sys¬ 
tem contained 160 Nal(Tl) crystals in 16 layers, thus 
the setup covered a range of polar angles in the labora¬ 
tory frame between 15° and 160°. In order to determine 
the detection efficiency for 7 rays between 100 keV and 
250 keV a Geant4 simulation was constructed which 
provided 54 % efficiency at 200 keV. The simulation 
showed good agreement with experimental data available 
by radioactive sources at around 1 MeV. 
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FIG. 1: (Color online) Energy loss and time-of-flight of the 
reaction products plotted against each other. 
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FIG. 2: (Color online) Mass number and M=1 Doppler- 
corrected 7 -ray energy plotted against each other. The red 
lines indicate the range of projection for ^®C. 


III. RESULTS AND DISCUSSION 


The energy of the 7 rays were corrected for the Doppler 
effect by using the known average velocity of the beam 
constituents in the middle of the target and the position 
of the Nal(Tl) detectors. The time signals for each of the 
member of the DALE setup as well as the hit multiplicity 
of the array (M) were recorded. 


The M=1 7 ray spectrum for from neutron knock¬ 
out reaction obtained by use of the prompt time gate is 
presented in Fig. [3] A peak can be seen at 198(10) keV. 
The indicated uncertainty of the peak position is the 
square root of the sum of the squared uncertainties in¬ 
cluding two main errors namely the statistical one and 
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the one due to the uncertainty in Doppler correction. We 
took into account the uncertainties of the average velocity 
of the beam and detection angle of 7 rays. The obtained 
energy is in accordance with the ones observed in earlier 
studies: 197(6) keV [l^ and 201(15) keV Q- 

The spectrum was fitted with the response of the array 
from a Geant4 simulation [2^ plus a smooth exponen¬ 
tial background. First, the function of peak width ver¬ 
sus 7 ray energy was derived based on known 7 rays at 
217(7) keV and 342(10) keV of and 1601(47) keV 
of ^®C. Using this function, a Geant4 simulation of 
the M=1 spectrum was created, the simulated response 
curve at 198 keV with the smooth first-degree polynomial 
background fitted the experimental data points well and 
provided the peak height. The net counts in the peak for 
the spectra with liquid hydrogen were obtained from the 
fit. 

The total cross section for the production of this 7 ray 
was deduced taking into the DALE efficiency. It was 
found that in the ^H(^°C,^®C 7 ) reaction the neutron re¬ 
moval cross section to the first excited state is tT(198, 
H) = 4.18(85) mb, much smaller than the 24(4) mb 
inelastic scattering cross section for the ^°C(p,p’) pro¬ 
cess and much smaller than expected for neutron 
removal cross section for such a weakly bound system. 
According to the calculation of Ozawa et al. [ 2 ^ the to¬ 
tal cross section for the one neutron removal reaction 
from on a proton target is 127 mb, which is shared 
mainly between the Si /2 and ^ 5/2 states produced with 
52 mb and 75 mb cross sections, respectively. The pro¬ 
duction cross section for the state was calculated 

to be 3.6 mb, which is consistent with the experimen¬ 
tal cross section obtained in the present study for the 
198 keV state. This fin ding confirms the spin assump¬ 
tions made in Refs. [^. On the other hand, there 
is no sign for a much stronger transition which should 
feed the 198 keV state if we had a higher energy bound 
5/2''' state. If we assume that the 7 ray at 72 keV exists 
and connects the 5/2)'' state to the 3/2/' one than the 
peak at 198(10) keV from present experiment should be 
roughly an order of magnitude larger than the observed 
peak area due to the cascade feeding. Furthermore, we 
should see the 72 keV line in the M=1 7 ray spectrum 
with about 5 times larger intensity than the 198 keV 
line in the present spectrum considering the difference 
of production cross section [2^ for 3/2)^ state (3.6 mb) 
and 5/2/' one (75 mb), the efficiency of DALE at 72 keV 
(approx 20%) and 198 keV (approx 54%) and the fact 
that a significant part of the intensity would be shifted 
to the multiplicity 2 part of the spectrum. Even a weak 
second gamma ray can be ruled out up to the neutron 
threshold as it is seen in Fig. [31 The slight increase in the 
spectrum around 110 keV could correspond to a peak at 
the level of significance of 1.22. Thus, it is regarded as a 
statistical fluctuations in the background. Thus, we can 
completely exclude the possibility of the existence of the 
bound 5/2''' state above the 3/2+ one. Having a lower 
energy d ^/2 state would result in an isomeric state, the 
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FIG. 3: (Color online) Doppler-corrected spectra of 7 rays 
emerging from neutron knock-out reaction ^H(^'’C,'^®C 7 ). 
The solid red line is the final fit including the spectrum curves 
from Geant4 simulation indicated with a solid green line 
and an additional smooth first-degree polynomial background 
plotted in dashed red line. 


existence of which was expelled by Kanungo et al. [l^ . 
The experimentally observed production cross sections of 
in the n reaction observed in Refs. [H, HH 

are much lower than they would be having both single 
particle states bound. 

By means of the spectroscopic factor from the abso¬ 
lute Coulomb cross section measurement [TTI | the ground 
state spin and parity of is well established to be 
1/2+. In addition, the excited 5/2+ and 5/2/' states at 
0.653(95) MeV and 1.46(10) MeV were proven unbound 
via neutron removal reactions [l9j | and proton inelastic 
scattering Based on the WBP shell-model calcu¬ 

lation [^, [^ both the 5/2+ and the the 3/2+ excited 
state are predicted to be bound. The energy of the 5/2 
state is expected to be even at lower energy than the 3/2 
one. As it has been pointed out by Kanungo et al. [l3| . 
the decay of the 5/2+ state to the ground state is ex¬ 
pected to be strongly hindered, while that of the 3/2+ 
is prompt. Due to the prompt nature of our low-energy 
7 transition and the Weisskopf estimate of the half lives 
of deexciting states (see Fig. 1 in Ref. El) a low-energy 
prompt transition should have Ml nature. This is consis¬ 
tent with the above conclusion: the 7 transition, which 
we see, connects the first excited state of spin 3/2+ and 
the ground state of spin 1 / 2 +. 
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IV. SUMMARY 

The one neutron knock-out reaction ^H(^°C,^®C 7 ) was 
studied at RIKEN using the DALE array. A weak 7 -ray 
transition was observed at 198(10) keV. Based on the 
comparison between the experimental production cross 
section and a theoretical prediction, the transition was 
assigned to the decay of the 3/2)*' state to the ground 
state. If we had a bound 5/2+ state above the 3/2+ 
one, two transitions should have been observed with 20 
times larger intensity than the intensity of the present 
198 keV transition. Combining this observation with the 
conclusion made by Kanungo [l3l| . i.e, non-observation 
of isomeric states in the existence of a bound ^ 5/2 


state in can be excluded. 
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